Introduction {#Sec1}
============

Volatile radioactive species generated during the processing of spent nuclear fuel must be disposed of carefully to prevent contamination of the biosphere. The volatile species include chemically inert noble gases (Kr and Xe), alkali metals (Rb and Cs) and halogens (Br and I)^[@CR1]^. Among these, radioactive iodine is particularly challenging as it is highly mobile^[@CR2]^, has high abundance in the spent fuel^[@CR3]^ and can be concentrated by the body, increasing the radiotoxic impact. Caesium is also a particularly hazardous radio nucleotide but has a much longer half-life^[@CR4]^. Therefore, separating iodine and caesium would be beneficial.

Impregnated carbon filters including charcoal filters are mostly used to remove iodine species in nuclear power plants^[@CR5]^. Considerable effort has been devoted to modify and improve the effectiveness of filters using new materials. Porous materials including zeolites, silica, alumina and metal organic frameworks have been studied as these materials provide higher capacity to incorporate iodine^[@CR5]--[@CR9]^. The search for alternative filter materials exhibiting selectivity, thermodynamical stability, chemical activity, adequate mechanical properties and high capacity to incorporate guest nucleotides continues, while it is still a requirement they be manufactured at scale in a cost-effective manner.

Mayenite, a nanoporous complex inorganic oxide 12CaO·7Al~2~O~3~ (C12A7)^[@CR10]--[@CR12]^, and a constituent of aluminous cement^[@CR13]^, is a candidate material for trapping volatile fission products because of its open crystal structure (consisting of 12 subnanometer-sized cages in a unit cell), but also its chemical and thermal stability^[@CR12]^. The diameter of the cage inner free space is \~0.4 nm^[@CR12]^. Neighboring cages are interconnected via \~0.1 nm wide openings. Furthermore, its constituent metal oxides (Al~2~O~3~ and CaO) are highly abundant, low cost and non-toxic. The framework of C12A7 is represented using the chemical formula \[Ca~24~Al~28~O~64~\]^4+^, in which each cage bears a charge of +1/3. The positive charge of the framework is compensated by negative ions occupying some of the cages; two O^2−^ ions in stoichiometric C12A7 (C12A7:O^2−^)^[@CR10],[@CR11]^, four OH^−^ ions in fully hydrated C12A7: OH^−^ ^[@CR14],[@CR15]^, and four electrons in the electride form, C12A7 (C12A7:e^−^)^[@CR16],[@CR17]^.

Due to its extra-framework electrons, C12A7:e^−^ has the ability to accept and release electrons when guest species are present inside its cages. The extra-framework electrons can be replaced with other anions such as F^−^ ^[@CR18]^, Cl^−^ ^[@CR18]^, H^−^ ^[@CR15]^, S^[@CR2]--[@CR19]^, O~2~^−^ ^[@CR20]^ and OH^−^ ^[@CR14],[@CR15]^. Transition metals such as Au^[@CR21]^ and Ru^[@CR22],[@CR23]^ have also been incorporated in order to form catalysts (for example Ru in the synthesis of ammonia).

Using density functional theory (DFT) together with dispersion corrections (DFT + D), the thermodynamic stability of gaseous volatile fission products (Kr, Xe, Br, I, Rb, Cs and Te) is investigated in both stoichiometric and electride forms of C12A7. DFT calculations, in addition to generating structural information, provides electronic structure and properties information. The present calculations consider fission products accommodated in the form of single atoms, homonuclear and heteronuclear dimers.

Results and Discussion {#Sec2}
======================

Structures and electronic properties of C12A7:O^2−^ and C12A7:e^−^ {#Sec3}
------------------------------------------------------------------

C12A7 exhibits a cubic crystal structure with space group of $\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{I}}\bar{4}$$\end{document}$3d and a lattice constant of 11.99 Å^[@CR11]^. The unit cell contains two 12CaO·7Al~2~O~3~ molecules (118 atoms) and twelve cages. The cages are approximately 6 Å wide and each cage wall is formed by 16 O ions, 8 Al ions and 6 Ca ions. The chemical composition of the unit cell is represented by \[Ca~24~Al~28~O~64~\]^4+^·(O^2−^)~2~, where \[Ca~24~Al~28~O~64~\]^4+^ is a positively charged framework (see Fig. [1a](#Fig1){ref-type="fig"}) consisting of 12 subnanometer cages and two extra-framework oxide ions occupying two of these cages (see Fig. [1b](#Fig1){ref-type="fig"}). The electride form of C12A7 is represented by \[Ca~24~Al~28~O~64~\]^4+^·(e^−^)~4~ and the four electrons are localized in cages with the average occupation number of $\documentclass[12pt]{minimal}
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                \begin{document}$$\frac{1}{3}$$\end{document}$ electrons per cage (see Fig. [1c](#Fig1){ref-type="fig"}).Figure 1(**a**) Framework crystal structure of \[Ca~24~Al~28~O~64~\]^4+^ (**b**) a relaxed cage containing an O^2−^ ion in C12A7:O^2−^ (**c**) a relaxed cage containing 1/3 electron in C12A7:e^−^ (**d**) DOS plot calculated for C12A7: O^2−^ (**e**) surface of the constant charge density owing to two extra-framework O^2−^ ions (**f**) DOS plot calculated for C12A7:e^−^ and (**g**) surface of the constant charge density owing to four electrons. Vertical dotted lines in the DOS plots correspond to the Fermi energy.

The starting point of the study was to reproduce the experimentally observed crystal structure of C12A7:O^2−^. The structure was first relaxed under constant pressure conditions allowing both lattice parameters and ion positions to relax. The calculated equilibrium lattice parameters (a = 12.04 Å, b = c = 12.01 Å, α = 90.02°, β = 89.95° and γ = 89.93°) are in good agreement with experimental lattice parameters (a = b = c = 11.99 Å and α = β = γ = 90°)^[@CR11]^ within a margin of \~0.45% error.

The relaxed structure of the cage containing the O^2−^ ion (Fig. [1b](#Fig1){ref-type="fig"}) is slightly different to cages without O^2−^ ions. This is a result of the interaction between the extra-framework O^2−^ ion and the two Ca^2+^ ions at the cage poles (see Fig. [1b](#Fig1){ref-type="fig"}). The small departure from the experimental cubic structure is due to an imposed long-range ordering of O^2−^ ions due to occupation by O^2−^ in specific cells of the unit cell. The distortion from cubic symmetry is so small this clearly an acceptable approximation. The calculated density of states is consistent with C12A7:O^2−^ being an insulator (see Fig. [1d](#Fig1){ref-type="fig"}). The top of the valence band, formed by the 2*p* states of framework oxide ions, is at approximately −2 eV. The two peaks at −0.3 eV correspond to the 2*p* states of extra-framework oxide ions. The lower energy and higher energy peaks correspond to the 2*p* states interacting with two Ca^2+^ ions (along the bonding) and the 2*p* states perpendicular to the bonding (non-bonded) respectively. Figure [1e](#Fig1){ref-type="fig"} shows the spatial distribution of the charge density associated with two extra-framework oxide ions localized within the cages.

Next, the structure of C12A7:e^−^ was relaxed under constant pressure. The calculated equilibrium lattice parameters were a = b = c = 12.06 Å and α = β = γ = 90°. Thus, the lattice volume of C12A7:e^−^ is only slightly greater than that of C12A7:O^2−^. The calculated density of states (DOS) for C12A7:e^−^ is shown in Fig. [1f](#Fig1){ref-type="fig"}. The extra-framework electrons in C12A7:e^−^ means the system is metallic. The spatial distribution of the charge density associated with the extra-framework electrons localized in the cages is shown Fig. [1g](#Fig1){ref-type="fig"}. Twelve ellipsoid like iso-surfaces (each having 1/3 e^−^ to make four electrons in total) are distributed uniformly within the 12 cages. The electronic properties calculated for both C12A7:O^2−^ and C12A7:e^−^ are in good agreement with the previous theoretical study^[@CR24]^.

Encapsulation of single fission product atoms in the cages of C12A7:O^2−^ {#Sec4}
-------------------------------------------------------------------------

To establish the stability of volatile fission products inside C12A7:O^2−^, a single atom was incorporated into one of the ten empty cages in a supercell and encapsulation energies were calculated using a single atom reference state. Figure [2](#Fig2){ref-type="fig"} shows the relaxed structures of the cage containing a fission product atom. In all cases, atoms occupy the center of the cage.Figure 2(**a**) Relaxed structures of fission atoms occupying a cage of C12A7:O^2−^, (**b**) DOS plot calculated for Rb encapsulated in an empty cage of C12A7:O^2−^ and (**c**) surface of the constant charge density owing to the s^1^ electron transferred from Rb.

Both Xe and Kr demonstrate positive encapsulation energies with unmodified outer electronic configurations (refer to the Bader charge in Table [1](#Tab1){ref-type="table"}) meaning that they are unstable inside the cages. This is further supported by the non-bonding interaction with the cage wall (see Fig. [2a](#Fig2){ref-type="fig"}). The more unfavorable encapsulation energy for Xe is due to its larger size compared to Kr and this is reflected in the greater Ca-Ca cross-cage distance as defined in Fig. [2a](#Fig2){ref-type="fig"} and reported in Table [1](#Tab1){ref-type="table"}.Table 1Encapsulation energies in C12A7:O^2−^ calculated using the fission product atom or dimer as the reference state, Bader charges on encapsulated atoms and Ca-Ca distances (see Fig. [2](#Fig2){ref-type="fig"}) across the relaxed cages occupied by the atoms.PropertiesFission ProductXeKrBrITeRbCsEncapsulation energy (eV/atom) with respect to a single atom reference0.850.31−2.73−1.56−0.62−0.13+0.21Encapsulation energy (eV/atom) with respect to dimer for Br, I and Te------−1.47−0.44+1.14------Bader charge \|e\|+0.01−0.02−0.75−0.68−0.49+0.80+0.79Ca-Ca distance (Å)6.005.905.665.875.916.116.16Electron affinity (eV) (atoms)^[@CR32]^0.000.003.3643.0591.9710.4860.472Electron affinity (eV)(dimer)^[@CR32]^------2.5502.5501.9200.4980.469

The encapsulation energies for Br and I are negative (favourable) due to their strong electrostatic interaction with Ca^2+^ ions. Br and I atoms assume charges of 0.75 and 0.68 \|e\| respectively (see Table [1](#Tab1){ref-type="table"}). The encapsulation energy for Br is more favorable than that of I due to the higher electron affinity of Br as well as its smaller atomic radius (thus fitting better inside the cage). These are reflected in the slightly smaller Bader charge on the I and the longer Ca-Ca distance (see Table [1](#Tab1){ref-type="table"}).

The encapsulation energy calculated using the dimer as the reference indicates that even Br~2~ molecules favourably occupy (separate) cage sites as Br^−^ ions (i.e. with an energy gain) despite the molecular dissociation energy penalty. Conversely both I and Te are not stable inside cages from their dimers. The calculated dissociation energies (per atom) for Br~2~, I~2~ and Te~2~ in this study are 1.26 eV, 1.12 eV and 1.76 eV respectively. The stronger encapsulation energy of −1.47 eV for Br is thus due to the favourable balance of exothermic encapsulation energy (−2.73 eV) over the endothermic energy penalty for Br~2~ bond dissociation. In the case of I, a less negative but still favourable encapsulation energy (−0.44 eV) is observed. This is due to the slightly less exothermic encapsulation energy (−1.56 eV) for I, balance over its dissociation energy.

The negative encapsulation energy for tellurium reveals that it is more stable inside the cage than as an isolated atom. This is due to the electron gain (0.49 \|e\|) by the Te and then the electrostatic attraction to Ca^2+^ ions in the cage wall (see Fig. [2](#Fig2){ref-type="fig"}). However, Te exhibits a highly unfavorable encapsulation energy from its dimer due to the high Te~2~ dissociation energy (+1.76 eV) compared to its exothermic encapsulation energy of (−0.62 eV).

Rubidium exhibits a slightly negative (favourable) encapsulation energy, whereas for Cs the energy is slightly unfavorable. Both Rb and Cs transfer their single outer s-electrons to the lattice and exhibit a positive charge (see Table [1](#Tab1){ref-type="table"}). The slightly negative encapsulation energy for Rb is due to its smaller size compared to Cs which is reflected by the shorter Rb-O v's Cs-O distance, 2.98 Å v's 3.40 Å respectively. The DOS plot in Fig. [2b](#Fig2){ref-type="fig"} shows the s electron transferred from Rb occupies a state just below the Fermi energy and is localized in an empty cage as shown in Fig. [2c](#Fig2){ref-type="fig"}.

Next we considered up to 3 atoms (Br, I or Te) occupying separate cages (i.e. two of the ten initially empty cages contain a single gas atom and then three of the ten cages contain a gas atom). Calculations reveal that the encapsulation energy of a second atom (X:XC12A7:O^2−^) with respect to a single isolated species is negative but slightly smaller in magnitude compared to the first incorporation. Further, the encapsulation of a second Br is still strongly negative with respect to its dimer while the I:IC12A7:O^2−^ energy is close to zero and the Te:TeC12A7:O^2−^ energy is positive. The Bader analysis shows that the second Br or I gains the same charge as observed in the first encapsulation. Conversely, the second Te gains a smaller amount of charge.

For all three species encapsulation of the third anion, while still favourable with respect to atoms, is less favourable. Thus, encapsulation of a third I with respect to I~2~ is now not favourable though a third Br from Br~2~ remains favourable. The amount of charge gained by these third anions is also less though only slightly.

Encapsulation of single fission products in C12A7:e^−^ {#Sec5}
------------------------------------------------------

The relaxed configurations of fission products (Xe, Kr Br, I, Cs, Rb and Te) as single atoms occupying a cage in C12A7:e^−^ are shown in the Fig. [3](#Fig3){ref-type="fig"}. All the atoms occupy positions close to the center of the cage (between two Ca ions in the cage wall). In order to compare the deformation of the occupied cage with the unoccupied cage, Ca-Ca distances (as defined in Fig. [3](#Fig3){ref-type="fig"}) for all relaxed structures are reported in Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}; the distance in the unoccupied cage is 5.66 Å.Figure 3Cage structure and local atomic structures of fission products encapsulated in a C12A7:e^−^ cage.Table 2Encapsulation energies in C12A7:O^2−^ to add a 2^nd^ and then 3^rd^ fission atom into separate cages using both atoms and dimers as reference states. Bader charges on atoms are also reported.PropertiesFission product XX:XC12A7:O^2−^X:2XC12A7:O^2−^Encapsulation energy (eV/atom) with respect to atomBr−2.30−1.62I−1.16−0.65Te−0.55−0.53Encapsulation energy (eV/atom) with respect to dimer (½ X~2~)Br−1.04−0.32I−0.040.47Te1.211.23Bader charge \|e\|Br−0.75 (2)−0.73 (2), −0.72I−0.68 (2)−0.55, −0.60 (2)Te−0.45, −0.19−0.40, −0.28, −0.20Table 3Encapsulation energies in C12A7:e^−^ calculated using the fission product atom and the dimer molecule as reference states, Bader charge on atoms and Ca-Ca distances in the relaxed cages occupied by the atoms.PropertiesVolatile Fission ProductsXeKrBrITeRbCsEncapsulation energy (eV/atom) with respect to atom1.000.43−5.17−3.99−5.350.290.67Encapsulation energy (eV/atom) with respect to dimer for Br, I and Te------−3.91−2.87−3.59------Bader charge \|e\|+0.01+0.04−0.76−0.69−1.23+0.78+0.77Ca-Ca distance (Å)6.045.955.715.915.836.156.20

Xe exhibits a high positive encapsulation energy because of its large size and is non-bonding with the cage. This is supported by the almost zero Bader charge (refer to Table [3](#Tab3){ref-type="table"}). The elongation of the Ca-Ca distance in the cage occupied by the Xe is 0.38 Å (compared to the empty cage) reflecting the size of Xe. Kr, in comparison, while still exhibiting a positive encapsulation energy is considerably less unfavourable due to its smaller size and thus reduced cage elongation distance of 0.29 Å. Comparing encapsulation in C12A7:e^−^ with C12A7:O^2−^, the energies and distances are essentially the same.

The encapsulation energies of Br and I in C12A7:e^−^ are highly exothermic with respect to isolated atoms. Both atoms gain one electron from the extra-framework electrons localized in the cages and form Br^−^ and I^−^ respectively. The negative ions then form strong electrostatic interactions with the two Ca^2+^ ions of the cage wall as they did in C12A7:O^2−^. Again the encapsulation energy of Br is more favorable than that of I. However, the encapsulation energies in C12A7:e^−^ are \~2.50 eV more favourable than in C12A7:O^2−^. Consequently, the encapsulation energy calculated using ½ X~2~ (X = Br, I and Te) as reference is strongly exothermic. This is because of the electron affinities of Br and I (3.36 eV and 3.06 eV respectively)^[@CR25]^ which are gained when one of the extra-framework electrons complete the p-shells of these atoms.

Te is also predicted to exhibit a highly negative encapsulation energy. Indeed, its Bader charge is -1.23 electrons meaning that it is tending towards a Te^2−^ ion, close to completing its p-shell. Thus, unlike in C12A7:O^2−^, in C12A7:e^−^ Te is stable in a cage with respect to dimer dissociation.

Both Rb and Cs exhibit slightly positive encapsulation energies (0.29 eV and 0.67 eV respectively). Bader charge analysis shows that both Rb and Cs donate \~one electron to form the +1 charge state. Once the positive ions are formed, they are attracted by the cage wall O^2−^ ions (refer to Fig. [3](#Fig3){ref-type="fig"}), however, they are repelled by the Ca^2+^ ions as reflected in the longer Ca-Ca distance (see Table [3](#Tab3){ref-type="table"}). Compared to encapsulation in C12A7:O^2−^ these energies are \~0.45 eV higher.

Successive encapsulation was considered for up to 5 atoms of Br, I and Te inside separate unoccupied cages. Both Br and I show almost no change in the favourable encapsulation energies up to 4 atoms (see Table [4](#Tab4){ref-type="table"}). This is because there are four conduction electrons available in the repeat unit lattice. The Bader charge analysis show that both Br and I gain similar charges up to four successive atoms. While the fifth halide atom also attracts only slightly less charge, there is a significant reduction in the encapsulation energy. This is because there are no free electrons left after encapsulation of four halide atoms and the charge is taken from the framework. As a consequence there is a significant Fermi level shift to the top of the valence band for the encapsulation of four Br atoms and the system becomes insulating (see Fig. [4a](#Fig4){ref-type="fig"}). This is further illustrated in Fig. [4b](#Fig4){ref-type="fig"}, which shows charge density localization within the unit cell change across the 3BrC12A7:e^−^, 4BrC12A7:e^−^, 5BrC12A7:e^−^ series. In 3BrC12A7:e^−^ considerable charge resides in empty cages but this has localised onto Br^−^ ions in 4BrC12A7:e^−^. The multiple anion encapsulation energies contrast strongly with the equivalent results in C12A7:O^2−^ where even the encapsulation of a second halide came with a sharp fall in energy.Table 4Encapsulation energies and Bader charges for the successive encapsulations of Br, I and Te in C12A7: e^−^.PropertiesFission product XX:XC12A7:e^−^X:2XC12A7:e^−^X:3XC12A7:e^−^X:4XC12A7:e^−^Encapsulation energy (eV/atom) with respect to atomBr−5.18−5.18−5.04−1.39I−4.06−4.03−3.94−0.69Te−5.32−1.13−0.87−0.76Encapsulation energy (eV/atom) with respect to dimer (½ X~2~)Br−3.92−3.92−3.78−0.13I−2.94−2.91−2.820.43Te−3.560.630.891.00Bader charge \|e\|Br−0.76 (2)−0.76 (3)−0.76 (4)−0.69 (3), −0.67 (2)I−0.69 (2)−0.69 (3)−0.69 (4)−0.57, −0.60, −0.62 (3)Te−1.23 (2)−0.85, −0.87 (2)−0.71, −0.68 (3)−0.59 (3), −0.57 (2)Figure 4(**a**) DOS plots for 3Br, 4Br and 5Br encapsulated in C12A7:e^−^ with Fermi level indicated by vertical lines and (**b**) surface of the constant charge density associated with the sates below the Fermi energy.

For Te, a significant reduction in the encapsulation energy is observed for the third Te atom. This is because the first two Te atoms gain almost as much charge as four Br or I atoms. Thus the third Te atom has no extra-framework electrons to exploit. When the number of Te atoms is greater than two the Bader charges on each Te atom decrease with the equivalent charge gained by two Te atoms shared across more Te atoms. Consequently, the Fermi level shifts to lower energies for the second encapsulation and the system becomes an insulator (see Fig. [5a](#Fig5){ref-type="fig"}). The DOS plotted for a single Te reveals that the system is metallic as two extra-framework electrons remain while the other two electrons are localized on the Te forming a Te^2−^ ion; the corresponding peak for the Te^2−^ ion appears −2.50 eV below the Fermi level (see Fig. [5a](#Fig5){ref-type="fig"}). When there are two Te atoms the peaks corresponding to the localized Te states are just below the Fermi level.Figure 5(**a**) DOS plots for Te and 2Te encapsulated in C12A7:e^−^ and (**b**) surface of the constant charge density associated with the states below the Fermi energy.

Encapsulation of homonuclear and heteronuclear dimers {#Sec6}
-----------------------------------------------------

Calculations were performed to investigate the energetics associated with placing a single homonuclear or heteronuclear diatomic molecule within a single cage of C12A7:O^2−^ and C12A7:e^−^ (i.e. encapsulation of the molecule using the molecule as the reference states but normalized per atom). Only the reactive fission products (Br~2~, I~2~ and Te~2~) were considered as homonuclear species.

Dimers occupying C12A7:O^2−^ {#Sec7}
----------------------------

The relaxed structures of dimers (homo and hetero) within a cage are shown in Fig. [6](#Fig6){ref-type="fig"}. The encapsulation energies and the Bader charges on the dimers are reported in Table [5](#Tab5){ref-type="table"}. For all dimers, significant distortion is observed in cage walls and the molecules occupy positions with a halide close to the centre of the cage but the other species distinctly off-centre. The degree of distortion is reflected in the encapsulation energies. Furthermore, both homo and heteronuclear dimers are thermodynamically unstable.Figure 6Relaxed structures of (**a**) Br~2~, I~2~ and Te~2~ and (**b**) CsBr and CsI encapsulated in a C12A7:O^2−^ cage.Table 5Encapsulation energies and Bader charges calculated for homonuclear and heteronuclear dimers encapsulated in a C12A7:O^2−^ cage.ReactionEncapsulation energy (eV/atom) with respect to dimerBader charge \|e\|Br or I or TeBr~2~ + C12A7:O^2−^ → Br~2~·C12A7:O^2−^1.48−0.40, −0.06I~2~ + C12A7:O^2−^ → I~2~·C12A7:O^2−^1.85−0.41, +0.14Te~2~ + C12A7:O^2−^ → Te~2~·C12A7:O^2−^1.10+0.65, −0.58Br or ICsCsBr + C12A7:O^2−^ → CsBr·C12A7:O^2−^2.26−0.78+0.69CsI + C12A7:O^2−^ → CsI·C12A7:O^2−^2.79−0.69+0.68

The bond distances of Br~2~ and I~2~ are 2.45 Å and 2.79 Å respectively, larger than their corresponding gas phase dimer values of 2.31 Å and 2.69 Å. This is partly because the overall Bader charges on Br~2~ and I~2~ are slightly negative meaning that if they were gas phase molecules there would be occupation of a more diffuse π^\*^ molecular orbital. However, these molecules also show strong induced polarization, which in I~2~ means the atom near the centre of the cage has a negative charge whereas the other atom has a positive Bader charge.

In the case of Te~2~, there is an elongation of 0.16 Å in the bond length compared to the gas phase molecule. This elongation is similar to the values observed in Br~2~ and I~2~. However, the Te~2~ molecule is the most strongly polarized and has the smallest overall charge.

CsBr and CsI molecules also experience strong distortion and their encapsulation energies are even more unfavourable that those of the homonuclear dimers. The bond distances of CsBr and CsI in the cage are \~0.30 Å shorter than their corresponding calculated gas phase dimers of 3.09 Å and 3.34 Å respectively, presumably due to the confinement induced by the cage. Nevertheless, the Bader charge distribution is roughly symmetric with absolute values as expected in a gas phase molecule.

Dimers occupying C12A7:e^−^ {#Sec8}
---------------------------

Finally we considered both homo and heteronuclear dimers inside C12A7:e^−^. The relaxed structures of dimers introduced inside C12A7:e^−^ are shown in Fig. [7](#Fig7){ref-type="fig"}. The encapsulation energies and the Bader charges on the dimers are reported in Table [6](#Tab6){ref-type="table"}.Figure 7Relaxed structures of (**a**) Br~2~, I~2~ and Te~2~ and (**b**) CsBr and CsI encapsulated in C12A7:e^−^.Table 6Encapsulation energies and Bader charges calculated for homonuclear dimers encapsulated in C12A7:e^−^.ReactionEncapsulation energy (eV/atom) with respect to dimerBader charge \|e\|Br or I or TeBr~2~ + C12A7:e^−^ → Br~2~·C12A7:e^−^−1.00−0.83 (2)I~2~ + C12A7:e^−^ → I~2~·C12A7:e^−^+0.18−0.69, −0.70Te~2~ + C12A7:e^−^ → Te~2~·C12A7:e^−^+0.09−0.67, −0.80Br or ICsCsBr + C12A7:e^−^ → CsBr·C12A7:e^−^+1.52−0.76+0.69CsI + C12A7:e^−^ → CsI·C12A7:e^−^+1.60−0.69+0.73

The bond distance for Br~2~ inside a cage is 2.68 Å, longer than its corresponding gas phase dimer, 2.31 Å (but similar to calculations for C12A7:O^2−^). Nevertheless, the encapsulation energy for two Br atoms to occupy a cage with respect to an isolated dimer is exothermic (see Table [6](#Tab6){ref-type="table"}) and thus the molecule is more stable in the cage. Quite differently to C12A7:O^2−^, the dimer sits symmetrically across the cage and the Bader charges (Table [6](#Tab6){ref-type="table"}) show that both Br atoms gain electrons from the lattice to form Br^−^ ions (commensurate with a longer probably non-bonding Br-Br distance). While the encapsulation energy of Br~2~ is exothermic, with respect to an isolated Br~2~ molecule, the reaction to split the molecule into two cages is strongly exothermic (−2.91 eV). Thus, if there is an unoccupied cage available, the molecule will dissociate into two Br^−^ anions in separate cages. Furthermore, the energy to add ½ Br~2~ to a single existing Br^−^ ion in a single cage is 1.92 eV. Thus, even if no cage remains unoccupied by a Br^−^ anion, Br~2~ molecules within C12A7:e^−^ will still not form.

Conversely to Br~2~, there is significant distortion of a cage occupied by two I atoms and the molecule orientation is asymmetric (see Fig. [7a](#Fig7){ref-type="fig"}) although the Bader charges on the I anions are almost identical. The I~2~ bond distance is 3.25 Å, considerably longer than its corresponding gas phase dimer, 2.69 Å. This is reflected in the endothermic I~2~ encapsulation energy. Essentially the two I^−^ ions demand a larger volume than the cage can provide.

At first sight two Te atoms do seem to form a dimer in the cage, with the molecular distance 2.59 Å very close to the isolated gas phase bond distance of 2.58 Å. However, the Te atoms attract charge (over ½ an electron each), thus it is really a Te~2~^−^ or even a Te~2~^2−^ anion species. Despite attracting charge and the associated electron affinity gain, the encapsulation of Te~2~ is endothermic. This reflects the size of the molecule with respect to the cage volume.

Finally, we consider the encapsulation of a single heteronuclear diatomic molecule of CsBr or CsI inside a cage. The relaxed structures are shown in Fig. [7b](#Fig7){ref-type="fig"}. Calculated Cs-Br and Cs-I in-cage distances are 3.38 Å and 3.62 Å respectively. Both CsBr and CsI are \~0.3 Å longer than their corresponding calculated isolated values of 3.09 Å and 3.34 Å respectively. In the relaxed structures, Br or I occupy the centre of the cage but the Cs ion displaces one of the Ca^2+^ ions in the cage wall (see Fig. [7b](#Fig7){ref-type="fig"}), which then sits near the centre of an adjacent cage. The energies to encapsulate CsBr and CsI and the Bader charges are reported in Table [6](#Tab6){ref-type="table"}; both are strongly endothermic. Essentially there is insufficient volume within the cage to accommodate those large molecules.

In conclusion, atomic scale simulations based on DFT have been employed to study the possibility of using C12A7 as a filter material in its stoichiometric and electride forms, encapsulating volatile fission products released during processing of spent nuclear fuel. Overall, C12A7 can selectively accommodate Br and I as single extraframework anions occupying upto one in three cages. Te is also strongly incorporated but only up to one in six cages.

More specifically, Xe, Kr, and Cs are unstable in both forms of C12A7. Rb shows a weak encapsulation in C12A7:O^2−^ but is not stable in C12A7:e^−^. Br, I and Te are stable as anions from atoms in both forms of C12A7, but, C12A7:e^−^ shows a significant enhancement in encapsulation energies due to the availability of extra-framework electrons. Successive encapsulation of Br, I and Te was considered so that multiple cages within a unit cell are occupied by these species. Successive encapsulation energies decrease with the addition of atoms in C12A7:O^2−^. However, in C12A7:e^−^, the encapsulation energies remain constant up to four consecutive encapsulation of Br (or I) or two Te atoms, due to the available electrons to be trapped by the additional atoms to form anions. Homonuclear (Br~2~, I~2~ and Te~2~) and heteronuclear dimers (CsBr and CsI) were allowed to occupy one of the cages in unit cells of C12A7:e^−^ and C12A7:O^2−^. Calculations show (except for Br~2~) that both homo and hetero nuclear dimers are thermodynamically unfavourable in C12A7:O^2−^ from their dimers since they introduce a significant distortion in the cage wall. While Br~2~ is stable as a molecular species, it is more stable as two anions occupying separate cages.

Methods {#Sec9}
=======

The calculations were carried out using the spin-polarized mode of DFT as implemented in the VASP code^[@CR26],[@CR27]^. The exchange-correlation term was modelled using the generalized gradient approximation (GGA) parameterized by Perdew, Burke, and Ernzerhof (PBE)^[@CR28]^. In all cases we have used a plane-wave basis set with a cut off value of 500 eV and a 2 × 2 × 2 Monkhorst-Pack^[@CR29]^ k-point mesh, which yields 8 k points. Further increase in the k points resulted in a total energy difference of 0.6 meV per atom. Structural optimizations were performed using a conjugate gradient algorithm^[@CR30]^ and the forces on the atoms were obtained from the Hellman-Feynman theorem including Pulay corrections. In all optimized structures, forces on the atoms were smaller than 0.001 eV/Å and the stress tensor was less than 0.002 GPa. We define the encapsulation energy for single atoms or dimers trapped inside the empty cages of the electride form of C12A7 through the following equation;$$\documentclass[12pt]{minimal}
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                \begin{document}$${{\rm{E}}}_{{\rm{Enc}}}={\rm{E}}({\rm{FP}}-{\rm{C}}12{\rm{A}}7:\,{{\rm{e}}}^{-})-{\rm{E}}({\rm{C}}12{\rm{A}}7:\,{{\rm{e}}}^{-})-{\rm{n}}\,{\rm{E}}({\rm{FP}})$$\end{document}$$where E (C12A7:e^−^) is the total energy for bulk C12A7:e^−^, E (FP-C12A7:e^−^) is the total energy of the gaseous atom or atoms occupying the cages, E(FP) is the total energy of an isolated fission product (the reference state) and n is the number of fission product atoms considered in the process.

The inclusion of van der Waals (vdW) interactions is particularly important for the incorporation of highly polarizable noble gas and halogen atoms. Here, dispersion has been included by using the pair-wise force field as implemented by Grimme *et al*.^[@CR31]^ (DFT-D3) in VASP.
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